Abstract. Cystinosis is the most common cause of the renal Fanconi syndrome in children, leading to severe electrolyte disturbances and growth failure. A defective lysosomal transporter, cystinosin, results in intralysosomal accumulation of cystine. Loading cells with cystine dimethyl ester (CDME) is the only available model for this disease. This model was used to present electrophysiologic studies on immortalized human kidney epithelial (IHKE-1) cells that had been derived from the proximal tubule with the slow whole-cell patch clamp technique. Basal membrane voltages (V m ) of IHKE-1 cells were Ϫ30.7 Ϯ 0.4 mV (n ϭ 151). CDME concentration-dependently altered V m with an initial depolarization (2.7 Ϯ 0.2 mV; n ϭ 76; 1 mM CDME) followed by a more pronounced hyperpolarization (Ϫ9.9 Ϯ 1.0 mV; n ϭ 49). Three Na ϩ -dependent transporters were examined. Alanine (1 mM) depolarized IHKE-1 cells by 17.6 Ϯ 0.7 mV (n ϭ 59), and phosphate (1.8 mM) depolarized by 9.7 Ϯ 1.1 mV (n ϭ 18).
Acidification of IHKE-1 cells with propionate (20 mM) resulted in a depolarization of V m by 7.1 Ϯ 0.3 mV (n ϭ 21) followed by a repolarization by 2.9 Ϯ 0.3 mV/min (n ϭ 17), reflecting Na ϩ /H ϩ -exchanger activity. Acute addition of 1 mM CDME did not alter the alanine-and propionate-induced changes in V m , but it reduced the phosphate-induced depolarization by 37 Ϯ 9% (n ϭ 10). Incubation with 1 mM CDME reduced the activity of all three transporters. Depolarizations by alanine and phosphate and the repolarization after propionate were inhibited by 57 Ϯ 4% (n ϭ 30), 45 Ϯ 9% (n ϭ 9), and 78 Ϯ 15% (n ϭ 8), respectively. In conclusion, this study demonstrates that CDME acutely alters V m of IHKE-1 cells and that at least three Na ϩ -dependent transporters are inhibited, the Na ϩ -phosphate cotransporter most sensitively. This might suggest that phosphate depletion and dissipation of the Na ϩ -gradient are involved in the development of the Fanconi syndrome of cystinosis.
Cystinosis is an autosomal recessive disease in which a defect in the transport of the amino acid cystine out of the lysosomes leads to its intralysosomal accumulation (1) (2) (3) (4) in multiple organs, including the kidney (5) . The lysosomal cystine transporter has been identified and named cystinosin (6) . First clinical symptoms early in childhood in the form of severe electrolyte disturbances, solute losses with the urine, and failure to thrive are due to the Fanconi syndrome (7) . The pathogenesis of intralysosomal cystine accumulation leading to the dysfunction of the proximal tubule is not dissolved and continues to be a matter of investigation. There is no animal model for the Fanconi syndrome of cystinosis. Goldman et al. (8) and later Reeves (9) showed that lysosomes can be loaded with amino acids by incubation with the respective methyl esters. Finally, Foreman et al. (10) established an experimental model for cystinosis by incubating proximal tubular cells from rat kidney in cystine dimethyl ester (CDME), leading to high intracellular concentrations of cystine similar to that in cystinosis patients (5, 11, 12) . Sakarcan et al. (11) showed that cystine in this model is mainly accumulated intralysosomally. So far, uptake measurements of radiolabeled substances by rat and rabbit proximal tubules and by porcine proximal tubular cells (LLC-PK 1 ) have been used to obtain insights into the pathophysiologic mechanisms of the Fanconi syndrome of cystinosis (7, 10, (13) (14) (15) . Inhibition of volume reabsorption and a decrease in the lumen-negative transepithelial potential difference were shown under these conditions (13, 14) . Furthermore, inhibition of glucose, different amino acids, bicarbonate, and phosphate reabsorption in cystine-loaded proximal tubules was demonstrated (7, 13) . Inhibition of glucose transport was also shown in LLC-PK 1 cells (15) . Corresponding to the decreased glucose uptake, cystine loading resulted in a reduced number of glucose transporters on the apical membrane of LLC-PK 1 cells (15) and in brush border membrane vesicles from rats after intraperitoneal CDME injections (16) . Salmon et al. (13) used the CDME model to show that reduction in proximal tubular transport was due to an inhibition of active transport but not to an increase in proximal tubular permeability, as it was previously supposed for the Fanconi syndrome caused by maleic acid (17) . Most of proximal tubular transport of solutes across the luminal membrane is secondarily coupled with active Na ϩ -transport; studies were therefore performed to investigate the relationship between intracellular cystine accumulation and energy metabolism. Na ϩ /K ϩ -ATPase was not directly inhibited by CDME loading (14, 18) , but a decrease in intracellular phosphate and ATP-levels of cystine-loaded tubules with subsequent inhibition of Na ϩ /K ϩ -ATPase activity could be shown (14, 15, 18) . According to these findings, there was an increase in intracellular Na ϩ -concentration parallel to a decrease in intracellular K ϩ -concentration in LLC-PK 1 cells (19) and in rat proximal tubules (18) . This study's aim was to investigate potential effects of CDME on basal membrane voltages (V m ) of immortalized proximal tubular cells of human origin (IHKE-1 cells) (20) and to learn whether CDME differently affects acutely or after incubation some of the main Na ϩ -dependent transporters that are responsible for solute uptake across the apical membrane of these human proximal tubule cells. Several studies on IHKE-1 cells have shown that these cells are typical proximal tubule cells. They express specific key enzymes (21) , different Na ϩ -dependent and -independent amino acid transporters (22, 23) , and organic cation transporters (24) and they are able to regulate transport by natriuretic peptides (25) or to take up albumin (26) . Here we present evidence for the existence of proximal tubule-specific Na ϩ /H ϩ -exchanger (NHE-3) and the Na ϩ -phosphate transporter (NaPi-IIa) in the apical membrane. Using the experimental model of CDME loading, we present the first electrophysiologic studies with the slow whole-cell patch clamp technique on IHKE-1 cells. We demonstrate acute effects of CDME loading on conductances, and thus V m , of these cells and the inhibition of all three transporters studied, with the Na ϩ -phosphate transporter being the most sensitive.
Materials and Methods

Cell Culture
IHKE-1 cells were cultured as described previously (20, 25) . In short, IHKE-1 cells were maintained in an atmosphere of 8% CO 2 / 92% air at 37°C in Dulbecco modified Eagle's medium (DMEM) and Ham F-12 medium (1:1) containing 44 mM NaHCO 3 , 15 mM HEPES (pH 7.3), 1.6 nM epidermal growth factor, 100 nM hydrocortisone, 65 nM transferrin, 0.84 M insulin, 29 nM Na 2 SeO 3 , 0.5 mM pyruvic acid, 4 mM L-glutamine, 5 ml/L ciprofloxacin (Ciprobay 100), and 1% fetal calf serum (FCS). Three to ten days after trypsinization (0.05% trypsin, 0.02% ethylenediaminetetraacetate [EDTA] in Mg 2ϩ and Ca 2ϩ -free phosphate buffer), IHKE-1 cells were used from passages 140 to 177. Cells were grown on glass cover slips until confluence. Under these conditions, cells grow in a polarized fashion, with the apical membrane facing upward and forming apical microvilli (see Figure 8 ). Using functional tests, we previously demonstrated this polarized geometry with correct sorting of transport systems to the apical and basolateral membrane (24) .
Patch Clamp Studies
Cover slips with confluent IHKE-1 monolayers were mounted as the bottom of a perfusion chamber on an inverted microscope (Axiovert 10; Zeiss, Oberkochen, Germany). The perfusion chamber was continuously perfused at a rate of 10 to 20 ml/min at 37°C with a standard solution containing 145 mM NaCl, 
RT-PCR Analyses
Total RNA was isolated using the RNeasy-kit (Qiagen, Hilden, Germany). Isolated total RNA was incubated with 10 U DNase I (Promega, Heidelberg, Germany) at 37°C for 1 h to digest isolated traces of genomic DNA. RNA and DNase I were then separated by an additional clean-up step using a new RNeasy column. cDNA firststrand synthesis was performed in a total reaction volume of 30 l containing 5 g of total RNA, 10 nM dNTP-Mix (Biometra, Göttin-gen, Germany), 1 nM p(dT)10 nucleotide primer (Boehringer, Mannheim, Germany), and 200 U of molony murine leukemia virus reverse transcriptase (MMLV-RT; Promega). One thirtieth of each cDNA first-strand reaction mixture was then subjected to a 50 l of PCR reaction in a UNO II thermo cycler (Biometra) using 20 pmol of each primer and 1 unit of Taq DNA polymerase (Qiagen). Reaction conditions were as follows: 3 min at 94°C, 30 s at 59°C, and 1 min at 72°C for 1 cycle; 30 s at 94°C, 30 s at the optimal annealing temperature (OAT), and 1 min at 72°C for 30 cycles; 30 s at 94°C, 30 s at OAT, and 10 min at 72°C for 1 cycle. PCR reaction products were analyzed by agarose gel electrophoresis. Positive signals obtained from PCR experiments were sequenced by GATC (Konstanz, Germany). The following PCR primers for NHE-3 and NaP i -IIa were used (listed in 5' to 3' direction). The sequence is followed by the expected fragment length for the respective sense and antisense primer:
NHE-3 sense: TGC CCT GGT GGT GCT TCT G NHE-3 antisense: GAT GCT GCT GTT TCT CCG CTT CT Fragment length ϭ 823 bp; OAT ϭ 63°C NaPi-IIa sense: TGT CTG CTT CCT GCT GCT G NaPi-IIa antisense: CAC CCT TAC TCC TGC CTA TCC TA Fragment length ϭ 719 bp; OAT ϭ 61°C
Scanning Electron Microscopy and Immunogold Labeling
Cultured IHKE-1 cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 1 h. For immunogold scanning electron microscopy, a rabbit polyclonal antibody directed against the NaP i transporter of flounder kidney was employed (28) . This antibody is directed against a portion of the protein that shows an 84% identity between the flounder and human NaP i transporter and covers mostly the extracellular loop of the protein. Most of the differences between the flounder and human isoforms are localized in the transmembrane domains; crossreaction of this antibody with the human NaP i must therefore be assumed. Immunogold labeling was performed according to the following incubation protocol: (1) blocking of free aldehyde sites with 50 mM glycine in PBS for 15 min; (2) blocking of unspecific binding sites with 5% normal goat serum diluted in 0.5% bovine serum albumin and 0.2% gelatin in PBS (PBG) for 30 min; (3) incubation with primary antibodies diluted 1:200 in PBG for 2 h (this step was omitted in control experiments); (4) after several PBS rinsing steps, a 1-h incubation with a 5 nm of gold-coupled goat anti-rabbit IgG antibody (British BioCell International, Cardiff, UK) diluted 1:50 in PBG was performed to detect binding sites of the primary antibody; (5) after several PBS washing steps, cells were postfixed with 2% glutaraldehyde in PBS for 5 min; (6) after twice rinsing with distilled water, a silver enhancement (British BioCell International) of the gold markers was performed to enable imaging of small gold conjugates at low magnification; (7) immunogold-labeled cells were then dehydrated in an ascending ethanol series and critical-point dried; (8) to provide conductivity and to avoid charging artifacts, dried cells were coated with 10 nm of carbon by electron gun evaporation. Labeled IHKE-1 cells were studied with a Hitachi S-800 scanning electron microscope (Nissei Sangyo, Ratingen, Germany). The cell surface morphology was imaged by secondary electrons (SE). The corresponding distribution of silver-enhanced gold conjugates was detected by the signal of backscattered electrons (BE). BE and SE images were recorded from the same scanned area at an accelerating voltage of 20 kV and at a working distance of 10 mm.
Biochemicals
DMEM and Ham F12 medium were obtained from Life Technologies (Karlsruhe, Germany). Glutamine, FCS, HEPES, and trypsin were purchased from Biochrom (Berlin, Germany). Ciprofloxacin was obtained from Bayer (Leverkusen, Germany). L-cystine dimethyl ester and L-alanine were purchased from Sigma (Taufkirchen, Germany). All other standard chemicals were supplied by Sigma and Merck (Darmstadt, Germany).
Statistical Analyses
Data are presented as original recordings from individual experiments or as mean values Ϯ SEM, with the number of experiments given in brackets. For statistical analyses Student's paired and unpaired two-sided t test were used with each effect compared to its own averaged pre-and postexperimental controls. A p-value Ͻ 0.05 was considered significant and is indicated by an asterisk.
Results
Basal V m of IHKE-1 cells were Ϫ30.7 Ϯ 0.4 mV (n ϭ 151). Increasing extracellular K ϩ -concentration from 3.6 mM to 18.6 mM depolarized cells by 3.4 Ϯ 0.1 mV (n ϭ 101). The addition of 3 mM Ba 2ϩ , a blocker of K ϩ -channels, depolarized V m by 11.3 Ϯ 0.7 mV (n ϭ 14), again indicating the presence of a resting K ϩ conductance in these cells (23) . Removal of extracellular Na ϩ led to a marked hyperpolarization due to the presence of a nonselective cation conductance, which also determines the relatively depolarized resting voltage of these cells (23, 25) . Removal of glucose did not result in a significant change in V m (n ϭ 7).
We first investigated whether CDME acutely affects basal V m of IHKE-1 cells. Addition of CDME to the bath solution led to an initial depolarization of V m within seconds, mostly followed by a more pronounced hyperpolarization. Both effects were concentration-dependent between 0.1 and 5 mM (Figure 1 ) and complete within 30 s to 1 min. One millimolar CDME led to almost maximal effects on V m of IHKE-1 cells; we therefore performed most of the following experiments with this concentration. To identify the conductance that is influenced by CDME loading CDME was added in the presence of 3 mM Ba 2ϩ to block all K ϩ conductances. The CDMEinduced initial depolarization of V m was 2.5 Ϯ 0.3 mV without Ba 2ϩ and 3.3 Ϯ 0.5 mV with Ba 2ϩ (n ϭ 14), a difference that is not significant (Figure 2 ). The secondary and usually more pronounced hyperpolarization induced by CDME was Ϫ7.6 Ϯ 1.4 mV without Ba 2ϩ and Ϫ1.1 Ϯ 1.6 mV with Ba 2ϩ (n ϭ 8; Figure 2 ). The hyperpolarization induced by CDME could be blocked completely by Ba 2ϩ ; it can therefore be concluded that CDME activated a K ϩ -conductance. Next we investigated the effects of acute CDME loading on different Na ϩ -dependent transporters of IHKE-1 cells. Previous studies showed the presence of different amino acid transport systems in IHKE-1 cells (22, 23) . In the current experiments, addition of 1 mM alanine to the bath solution led to depolarizations of V m of IHKE-1 cells by 17.6 Ϯ 0.7 mV (n ϭ 59), indicating its electrogenic transport. The alanine-induced depolarization of V m after acute addition of 1 mM CDME to the bath solution was not significantly different from paired (Figures 3 and 6 ). To test if higher concentrations of CDME have an acute effect on Na ϩ -alanine cotransport, we repeated the experiments with 5 mM CDME. Again there was no significant difference in the alanine-induced depolarizations before addition of CDME (20.3 Ϯ 1.5 mV) and after (20.3 Ϯ 2.3 mV; n ϭ 8) (Figure 3) .
Next we examined the acute effect of 1 mM CDME on the Na ϩ /H ϩ -exchanger activity. This activity was estimated from the repolarization of V m after addition of 20 mM propionate. Addition of propionate results in cellular acidification, which decreases the K ϩ -conductances and depolarizes V m . Due to this acidification, the Na ϩ /H ϩ is activated, cellular pH returns toward control values, and V m repolarizes (29) . Propionate led to an initial depolarization of V m by 7.1 Ϯ 0.3 mV (n ϭ 21) followed by a repolarization of V m by 2.9 Ϯ 0.3 mV/min (n ϭ 17) (Figure 4 ). To prove that this repolarization of V m was due to the activity of the Na ϩ /H ϩ -exchanger, propionate was added in the presence of 1 mM amiloride in three paired experiments. In the presence of amiloride, the addition of propionate resulted in an increased depolarization of V m from 7.5 Ϯ 1.3 mV (controls) to 10.2 Ϯ 0.6 mV (amiloride) and to a significant decrease of the repolarization velocity of V m from 3.7 Ϯ 0.7 mV/min to 1.7 Ϯ 0.6 mV/min. Acute addition of 1 mM CDME did not alter the initial depolarization of V m of IHKE-1 cells (controls, 6.6 Ϯ 0.4 mV; CDME, 6.0 Ϯ 0.4 mV; n ϭ 6; Figure  4 ) or the following repolarization velocity (controls, 3.3 Ϯ 0.5 mV/min; CDME, 4.1 Ϯ 0.7 mV/min; n ϭ 6; Figures 4 and 6) , indicating no acute influence on Na ϩ /H ϩ -exchanger activity by CDME loading. The expression of the mRNA of the apical Na ϩ /H ϩ isoform NHE-3 in these cells is demonstrated in Figure 7 .
Next we tested the effect of acute addition of 1 mM CDME on electrogenic Na ϩ -phosphate cotransport. Removal of phosphate from the bath solution resulted in a hyperpolarization of V m by Ϫ8.6 Ϯ 1.6 mV (n ϭ 12), indicating the significant contribution of electrogenic Na ϩ -phosphate cotransport to basal V m of IHKE-1 cells. Acute addition of phosphate led to a depolarization of V m by 11.2 Ϯ 1.4 mV (n ϭ 12). In paired experiments, addition of phosphate after acute addition of CDME resulted in a depolarization of V m by 6.4 Ϯ 0.5 mV (n ϭ 10), which was an inhibition by 37 Ϯ 9% compared with controls (11.6 Ϯ 1.7 mV; n ϭ 10; Figures 5 and 6 ). The expression of the Na ϩ -phosphate transporter (NaP i -IIa) in the IHKE-1 cells could be demonstrated by RT-PCR ( Figure 7 ) and by immunogold labeling and scanning electron microscopy ( Figure 8 ). Binding sites of the antibody for NaP i are mostly located at the microvilli of the apical cell surface membrane. No immunoreactivity was observed on the surface membranes of IHKE-1 cells when the incubation step with the primary antibody was omitted.
Next we incubated IHKE-1 cells with 1 mM CDME to test the effects on V m of prolonged loading of the cells with cystine. After incubation for 13 Ϯ 3 h, V m of IHKE-1 cells was Ϫ32.8 Ϯ 1.0 mV (n ϭ 44). This was slightly higher than in controls (Ϫ30.7 Ϯ 0.4 mV; n ϭ 151). Increasing the extracellular K ϩ -concentration led to a depolarization by 2.5 Ϯ 0.3 mV (n ϭ 24).
Incubation of the cells with CDME reduced the alanineinduced depolarization of V m of IHKE-1 cells by 57 Ϯ 4% (⌬V m for controls, 17.6 Ϯ 0.7 mV, n ϭ 59; ⌬V m for CDME, 7.6 Ϯ 0.7 mV, n ϭ 30; Figure 6 ). Incubation times varied between 30 min and 51 h, but there was no correlation between time and effect. To determine the minimal time needed to get an effect, we performed additional experiments with addition of 1 mM CDME to the bath solution during a time period of up to 30 min. During this time period, alanine-induced depolarizations in the presence of CDME (15.1 Ϯ 1.2 mV) were not significantly different from those under control conditions before the addition of CDME (13.4 Ϯ 0.9 mV; n ϭ 8; Figure 3) , indicating the onset of effects of CDME after at least 30 min of incubation.
Next we investigated the effect of CDME incubation on Na ϩ / H ϩ -exchanger activity. After addition of propionate, there was no significant difference in the initial depolarization of V m between controls (7.1 Ϯ 0.3 mV; n ϭ 21) and CDME incubation (7.6 Ϯ 1.6 mV; n ϭ 8) (Figure 4) , whereas the repolarization of V m was inhibited by 78 Ϯ 15% (controls, 2.9 Ϯ 0.3 mV/min, n ϭ 17; CDME, 0.6 Ϯ 0.4 mV/min, n ϭ 8; Figures 4 and 6) .
Finally, we examined the phosphate-induced effect on V m after incubation with 1 mM CDME. Similar to the effect after acute addition of CDME the inhibition was now 45 Ϯ 9% (controls, 9.7 Ϯ 1.1 mV, n ϭ 18; CDME, 5.3 Ϯ 0.9 mV, n ϭ 9; Figures 5 and 6 ).
Discussion
The pathophysiologic mechanisms that lead to the renal Fanconi syndrome in cystinosis are not resolved and continue to be a matter of investigation (7) . Important insights were obtained in previous studies by using a model in which cells were loaded with CDME (7,11,13-16,18,19,30 -33) , which led to high intracellular cystine concentrations (10, 30) , predominantly in lysosomes (11, 30) . This model therefore mimics the biochemical hallmark of cystinosis (7) . So far with this model uptake measurements with radiolabeled solutes were performed in rat (10, 18, 31, 34) and rabbit (11, 13, 14, 32, 33) proximal tubules and with cultured porcine LLC-PK 1 cells (15, 19, 30) . These studies showed an inhibition of volume absorption (13, 14) , reduction of the transepithelial potential difference (13) , and inhibition of transport of different solutes (7, 10, (13) (14) (15) . Most of proximal tubular transport is Na ϩ -coupled; depending therefore on the Na ϩ -gradient from the extrato the intracellular space, the role of energy metabolism, Na ϩ / K ϩ -ATPase activity, intracellular phosphate, and ATP levels in this experimental model have been investigated (14, 18, 31, 33, 34) . The activity of the Na ϩ /K ϩ -ATPase was not inhibited under V max conditions (14, 18) , but a reduction in intracellular phosphate (32, 35) and ATP content (14, 18, 34) was supposed to lead consecutively to an inhibition of Na ϩ / K ϩ -ATPase activity (14, 18, 34) . According to these findings, an increase in the intracellular Na ϩ -concentration parallel with a decrease in the intracellular K ϩ -concentration in LLC-PK 1 cells (19) and for rat proximal tubules was reported (18) . An increase in backflux due to an increase in proximal tubular permeability, as it was supposed previously for the maleic acid-induced Fanconi syndrome (17), could be excluded. This indicates that inhibition of transport was due to changes in active but not passive transport processes (13) .
With the same experimental model, we performed for the first time electrophysiologic studies with the slow whole-cell patch clamp technique with immortalized human kidney epithelial cells derived from the proximal tubule (IHKE-1 cells) (23, 25) and for which various morphologic (24, 25) , biochemical (20) , and functional (22-24) characteristics of proximal tubule cells have been shown by several laboratories. This method allows real time and paired observations of CDME effects on V m itself and on electrogenic transport systems such as the Na ϩ -coupled alanine and phosphate transporter and indirectly via changes in cellular pH of the Na ϩ /H ϩ exchanger. Despite the fact that we were able to detect the mRNA of an isoform of the Na ϩ -glucose cotransporter (SGLT2) in these cells (unpublished observation), this transporter does not apparently contribute to the V m . Consequently, effects of CDME on this transporter could not be studied electrophysiologically. CDME acutely altered V m of IHKE-1 cells in a concentration-dependent manner. An initial depolarization was mostly followed by a more pronounced hyperpolarization. By blocking K ϩ -channels with Ba 2ϩ , we found that the secondary and more pronounced hyperpolarization was due to an activation of K ϩ -channels, whereas the smaller initial depolarization was independent of changes in a K ϩ -conductance. Further investigations are needed to learn if this transient depolarization is due to activation of nonselective cation channels or changes in the activity of Cl Ϫ -channels. The present experiments do not show whether CDME activated K ϩ -channels directly or indi- Figure 7 . Detection of mRNA of the Na ϩ /H ϩ isoform NHE-3, the Na ϩ -phosphate transporter NaP i -IIa, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in IHKE-1 cells (and human kidney) by RT-PCR. The negative control does not include cDNA. rectly. These data do, however, show for the first time that CDME itself has an acute effect on V m of human kidney epithelial cells. The mechanisms responsible for the acute effect on K ϩ -channels in the proximal tubule need to be examined.
Next we investigated the acute effects of CDME loading on different Na ϩ -dependent cotransporters of IHKE-1 cells. IHKE-1 cells possess different Na ϩ -dependent amino acid transport systems in their apical membrane (22, 23) . We first investigated the effect of CDME on the Na ϩ -alanine cotransporter, which leads to significant depolarization in these cells (23) . Addition of 1 or 5 mM CDME or presence of 1 mM CDME for up to 30 min had no effect on the alanine-induced depolarization of V m . Incubation of cells with 1 mM CDME for 30 min to 51 h (13 Ϯ 3 h) resulted in an inhibition of the alanine-induced depolarization of V m by 57%. These findings indicate that at least 30 min of CDME accumulation are necessary in these human proximal tubule cells to interfere with the Na ϩ -alanine cotransporter. Previously a concentration-and time-dependent reduction of the uptake capacity of ␣-methylglucoside, a nonmetabolized glucose analog, by LLC-PK 1 cells was shown for CDME (16) . In earlier studies, different incubation times from 10 min (10) to 2 (19) or 5 d (15) and CDME-concentrations from 0.1 (15) to 2 mM (10, 18, 19, 31) were used. In our experiments, incubation of IHKE-1 cells with 1 mM CDME for 3 h led to intracellular cystine contents of 20 nmol of cystine/mg protein similar to those found in cystinosis patients (36) . The phenomenon of time-and concentrationdependent cell toxicity of CDME measured as lactate dehydrogenase (LDH) activity in the medium (30) or trypan blue staining (10) was described previously for cultured porcine cells (LLC-PK 1 ). The viability of the CDME-treated cells in our study was evident, as their V m was not different or even slightly higher compared with control cells.
Foreman et al. (10) already showed excretion of different amino acids into the urine after CDME-treatment of rats in vivo and inhibition of uptake of the amino acids lysine, glycine, and taurine in in vitro experiments with rat proximal tubules. In contrast, Foreman et al. (31) showed in another study that the Na ϩ -dependent uptake of proline was the same in brush border membranes prepared from rat proximal tubule vesicles in controls and after cystine loading. In that study, incubation times were in the range of minutes. This discrepancy fits with our findings that an incubation time of more than 30 min was necessary to affect the Na ϩ -alanine transporter. Amino acids are nearly completely reabsorbed by the proximal tubule; inhibition of Na ϩ -dependent amino acid transporters in this nephron segment therefore explains the urinary losses seen in cystinotic patients.
Comparable to the Na ϩ -coupled alanine transport, CDME had no acute effect on Na ϩ /H ϩ -exchanger activity. Incubation with CDME for Ͼ30 min led, however, to an inhibition of Na ϩ /H ϩ -exchanger activity by 78%. An inhibition of the Na ϩ / H ϩ -exchanger was previously shown in cystine-loaded LLC-PK 1 cells (19) . The Na ϩ /H ϩ -exchanger NHE-3 is responsible for a large fraction of the Na ϩ reabsorbed by the proximal tubule. Inhibition of this transporter is therefore an important factor for the urinary Na ϩ -losses of cystinotic patients with Fanconi syndrome. As IHKE-1 cells express the NHE-3 mRNA (Figure 7) , it seems highly likely that the observed decrease in Na ϩ /H ϩ activity by CDME is due to interference with this isoform. The Na ϩ /H ϩ -exchanger, which functions in parallel with a Cl Ϫ -HCO 3 Ϫ -exchanger, is also involved in the reabsorption of the filtered HCO 3 Ϫ in the proximal tubule. Thus, its inhibition also plays a major role in the severe HCO 3 Ϫ losses, leading to metabolic acidosis (proximal tubular acidosis type 2) seen in cystinotic patients.
As shown in Figures 7 and 8 , the IHKE1-cells express the Na ϩ -dependent phosphate transporter in their apical surface membrane, mostly at the microvilli. The existence of a high expression of this transporter, which is responsible for phosphate reabsorption and is typical for the proximal tubule but not other portions of the nephron, is further demonstrated by the large phosphate-dependent depolarization of the V m . Such a contribution would not be expected if this transporter would only function as a housekeeping mechanism for phosphate uptake. Among the three investigated Na ϩ -dependent transporters, this Na ϩ -phosphate cotransporter was already inhibited by 37% after acute addition (1 to 2 min) of CDME. After incubation with CDME for Ͼ30 min, the inhibition of the phosphate-induced depolarization of V m was 45%. In previous studies on rats, increased urinary excretion of phosphate after parenteral administration of CDME was demonstrated in vivo (10) and in vitro (unpublished observations of M. Baum) (7). In a recent in vivo study on the maleic acid-induced Fanconi syndrome, increased urinary excretion of phosphate was demonstrated as soon as 90 min after maleic acid injection in contrast to a decrease in NaP i -2 mRNA levels only after 4 h and NaP i -2 protein levels at 24 h, suggesting two different mechanisms for immediate and second-phase phosphaturia in that model (37) .
Inhibition of the Na ϩ -phosphate cotransporter is probably an important factor for the severe urinary phosphate losses in cystinotic patients, leading to the major problem of vitamin D-refractory rachitis and growth failure in addition to the chronic metabolic acidosis and dehydration due to NaHCO 3 -losses and consequent reduced volume reabsorption. Fanconi syndromes develop in inborn as well as acquired disorders, and it is probable that different pathophysiologic mechanisms play a role in leading to the dysfunction of the proximal tubule (7). In the current study, we used the CDME model, which was used in most previous studies, on the pathogenesis of the Fanconi syndrome of cystinosis (7) . This in vitro model might not duplicate the pathogenesis in vivo (7) . However, most of proximal tubular solute transport across the luminal membrane is Na ϩ -dependent; the effect of CDME on the above described substrate-induced changes in V m in our experiments suggest therefore the involvement of two possible mechanisms: (1) Phosphate-and ATP-depletion with consecutive inhibition of Na ϩ /K ϩ -ATPase activity and dissipation of the Na ϩ -gradient from the extra-to the intracellular space, which drives the Na ϩ -coupled solute transport (7, 13, 14, 18, (32) (33) (34) ; (2) reduction in the number of luminal Na ϩ -dependent transporters by hindered trafficking of transporters to the luminal membrane or direct inhibition of luminal transporters by a general unspecific or cytotoxic effect of CDME.
The current study cannot clearly differentiate between these possibilities. In all cases, changes in Na ϩ -coupled electrogenic transport of solutes would lead to respective changes in V m . Our findings suggest that it is probable that different fast and slow mechanisms are involved. The acute inhibition of the Na ϩ -phosphate cotransporter by CDME in our experiments might suggest that this transporter is the most sensitive to cell loading with cystine. This might be due to a stronger dependence of the Na ϩ -phosphate cotransporter on the Na ϩ -gradient or to direct inhibition of the luminal transporter. A decrease in the number of luminal transporters is not to be expected during that short time period of minutes. In contrast, inhibition of all three Na ϩ -dependent transporters after hours of incubation with CDME may be due to additional reduction in the number of luminal transporters, as it was previously described for Na ϩ -dependent glucose transporters of LLC-PK 1 (15) cells and rat brush border membrane vesicles (16), or to a more general cytotoxicity of CDME with consecutive inhibition of multiple transporters.
In conclusion, we demonstrate for the first time that CDME itself has an acute effect on human proximal tubule cells by altering V m through activation of K ϩ channels and that at least three Na ϩ -dependent transporters of IHKE-1 cells are inhibited, the most sensitive apparently being the Na ϩ -phosphate cotransporter. This suggests the involvement of phosphate depletion and dissipation of the Na ϩ -gradient in the initial development of the Fanconi syndrome of cystinosis.
